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ABSTRACT 

In a comparative genomics study for mitochondrial 
ribosome-associated proteins, we identified 
C7orf30, the human homolog of the plant protein 
iojap. Gene order conservation among bacteria 
and the observation that iojap orthologs cannot be 
transferred between bacterial species predict 
this protein to be associated with the mitochon- 
drial ribosome. Here, we show colocalization of 
C7orf30 with the large subunit of the mitochondrial 
ribosome using isokinetic sucrose gradient and 2D 
Blue Native polyacrylamide gel electrophoresis 
(BN-PAGE) analysis. We co-purified C7orf30 with 
proteins of the large subunit, and not with proteins 
of the small subunit, supporting interaction that is 
specific to the large mitoribosomal complex. 
Consistent with this physical association, a mito- 
chondrial translation assay reveals negative effects 
of C7orf30 siRNA knock-down on mitochondrial 
gene expression. Based on our data we propose 
that C7orf30 is involved in ribosomal large subunit 
function. Sequencing the gene in 35 patients with 
impaired mitochondrial translation did not reveal 
disease-causing mutations in C7orf30. 

INTRODUCTION 

Relatively few proteins are known to be involved in 
the assembly of mitochondrial ribosomes. This stands 
in strong contrast to cytosolic ribosomes, where 



approximately 200 factors have been predicted to partici- 
pate in the biogenesis (1-3). Recently, ERAL1 (4,5) an 
RNA chaperone protein involved in the assembly of the 
small subunit and the guanosine triphosphatase (GTPase) 
NOA1 (6) have been found to function in the biogenesis of 
mitochondrial ribosomes. Identification of such factors is 
necessary to understand the ribosome assembly process 
and to resolve yet unexplained combined oxidative phos- 
phorylation deficiencies (7). 

In a comparative genomics-driven search for novel 
mitochondrial ribosome-associated proteins in human we 
identified C7orf30, a member of the iojap protein family 
that was previously identified as one of the most common 
protein families with an unknown function (8). First 
described in 1924 (9), the name iojap has been derived 
from the mutated maize Iodent japonica that has a char- 
acteristic white striping on its leaves. The striping is caused 
by failure of chloroplast development due to a mutation 
in a nuclear encoded gene (10). The causal mutation was 
identified in the so-called iojap locus (11) and has been 
implicated in the stability of chloroplast ribosomes, as 
iojap deficient plastids contain no ribosomes or high- 
molecular- weight RNAs (12). A physical link with the 
ribosome has been found in bacteria, where the iojap 
ortholog ybeB was found to co-migrate exclusively with 
the mature large 50S particle of Escherichia coli (13) and 
to be absent from the small subunit and the complete 
ribosome (14). Additionally, multiple protein components 
of the large ribosome (bacterial orthologs of human 
MRPL12, MRPL14 and MRPL19) have been co-purified 
with the bacterial iojap ortholog (15). Despite the wide 
phylogenetic distribution of the iojap family no deletion 
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phenotype could be identified in bacteria (14,16). In mam- 
malian cells evidence for a C7orf30-ribosome association 
comes from the analysis of affinity purifications of ICT1 
(a member of the mammalian mitoribosomal large 
subunit) where C7orf30 and many mitoribosomal 
subunits were co-isolated (17). 

We set out to investigate the function of C7orf30. 
We confirm its mitochondrial localization and establish 
a specific association with the large subunit of the mito- 
chondrial ribosome. We also show that a small interfering 
RNA (siRNA) knock-down of C7orf30 negatively affects 
the mitochondrial translation process. Our results are con- 
sistent with a role of C7orf30 in ribosomal large subunit 
assembly or translation initiation. 

MATERIAL AND METHODS 

Cloning and generation of expression plasmids 

The C7orf30 and MRPL12 gene were polymerase chain re- 
action (PCR) amplified from a human heart complemen- 
tary DNA (cDNA) library adding Attb-recombination 
sites (underlined) at the 5'- and 3'-end of the PCR 
product. The following primers were used: C7orf30 
forward: (5'- AAAAAGCAGGCTTCGCCACC ATGGG 
GCCGGGCGGCCGTGTGG), 

C7orf30 reversed: ( 5'- AG AAAGCTGGGTG TTC AC 
ATTTTAACTCCACTGG-3'). MRPL12 forward: (5'-A 
AAAAGCAGGCTTCGCCACC ATGCTGCCGGCGG 
CCGCTCGC-3'), MRPL12-veversed: (5'-AGAAAGC 
TGGGTG CTCCAGAACCACGGTGCCGCCCAC-3Q. 
Specific PCR products from the first PCR were sub- 
jected to a second round of PCR with adaptor primers: 
forward (5'-GGGGACAAGTTTGTACAAAAAAGCA 
GGCT-3') and reversed (5'-GGGGACCACTTTGTAC 
AAGAAAGCTGGGT-3') completing the Attb recom- 
bination sites. The PCR product of this second PCR 
was recombined in the pDONR201 vector using the 
Gateway BP clonase enzyme mix (Invitrogen). Next 
the pDONR201 constructs were recombined with a 
mammalian expression vector under the control of a 
tetracycline inducible promoter with the use of the 
LR clonase enzyme mix (Invitrogen) factors, adding 
green fluorescent protein (GFP) and a calmodulin- 
streptavidin tandem affinity purification (TAP) tag to 
the C-terminus. All constructs were verified by sequence 
analysis. 

The production of ICT1- and MRPS27-FLAG con- 
structs are described in (17). 

Cell culture and generation of stable cell lines 

T-REx™ Flp-In™ Human embryonic Kidney 293 cells 
(HEK293; Invitrogen) were grown and maintained 
in Dulbecco's modified Eagle medium (DMEM; 
Biowhi taker) supplemented with 10% [v/v] fetal calf 
serum (PAA Laboratories) and 1% [v/v] penicillin/ 
streptomycin (GIBCO, Carlsbad, CA, USA), zeocin 
(300 ug/ml; Invitrogen) and 5 ug/ml blasticidin 
(Calbiochem). For the generation of stable 
C7orf30-GFP, C7orf30-TAP and MRPL12-TAP express- 
ing cell lines constructs were transfected into HEK293 



cells using Superfect transfection reagent (Qiagen). 
Selection for stable transfectants was achieved by 
replacing the zeocin in the culture medium for hygromycin 
(Calbiochem), final concentration 200 ug/ml. Gene expres- 
sion was induced by adding doxycycline (Sigma) to the 
culture medium with a final concentration of 1 ug/ml for 
a minimum of 24 h. RhoO cells were derived from 143B 
osteosarcoma cells and cultured, including a C73 fibro- 
blast control as described in (18). 

Immunofluorescence assay 

HeLa cells were seeded and grown on glass cover slips 
before being fixed with 1% [w/v] paraformaldehyde in 
phosphate-buffered saline (PBS) and permeabilized with 
0.4% Triton X-100 in PBS containing 3% bovine serum 
albumin (BSA). After permeabilization, samples were 
blocked with 3% BSA in PBS and incubated with 
anti-C7orf30 (dilution 1:200; Sigma) and anti-MRPL12 
(dilution 1:500; Santa Cruz) antibodies followed by an 
incubation with secondary Alexa-555 and Alexa-488 
conjugated secondary goat-anti-rabbit or anti-mouse 
antibodies (dilution: 1:1,000; Jackson Immunoresearch 
Laboratories), respectively. Nuclei were stained with 
Hoechst (Sigma). Finally, cover slips were washed with 
water and mounted on glass slides by inversion over 
Dako fluorescent mounting medium (Dako). Images 
were acquired with a Zeiss LSM 510 meta confocal laser 
scanning microscope. 

siRNA transfections 

A mix of four siRNAs was obtained from Thermo 
Scientific targeting C7orf30 with the following siRNAs: 
5'-GCAGCAUGGUGAUUCAUUU-3', 5'-UGACCCU 
CAUGUUAAGAUA-3', 5'-CCAAGUUUGACAUCGA 
UAU-3', 5'-UGACCAGUUAGCUCAGAUA-3'. For 
transfection HEK293 cells were seeded in six-well plates 
in culture medium without antibiotics at 50% confluency. 
Next day cells were transfected with the four C7orf30 tar- 
geting duplexes using Dharmafect transfection reagent 1 
(Dharmafect) in Optimem (Gibco). Final concentration of 
the siRNAs was lOnM. As control mock-transfected cells 
were used. After 48 h cells were split one in six and trans- 
fected again the next day. Ninety-six hours after the first 
transfection, cells were harvested by trypsinization and 
processed for western blot analysis and/or used in a mito- 
chondrial translation assay. 

Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, ID and 2D Blue-Native PAGE western 
blotting and immunodetection 

ID 3-13% gradient and 2D Blue Native polyacrylamide 
gel electrophoresis (PAGE) were done as described previ- 
ously (19). For sodium dodecyl sulfate (SDS)-PAGE 
proteins samples were diluted once with Tricine sample 
buffer (Biorad) with 2% [v/v] 2-mercaptoethanol added 
and resolved with standard PAGE techniques. After elec- 
trophoresis resolved proteins were transferred to a 
polyvinylidene fluoride (PVDF) or nitrocellulose 
membrane by western blotting. After blocking with 5% 
non-fat dry milk in PBS with 0.1% [v/v] Tween-20 (PBST) 
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membranes were incubated with primary antibodies. 
Antibodies used: rabbit polyclonal anti-C7orf30 (dilution 
1:2500; Sigma) anti-GFP [dilution 1:5000; (20)] anti-CBP 
for detection of the TAP-tag (dilution 1:1000; GenScript), 
anti-MRPS18B (dilution 1:1000 Protein tech), 
anti-MRPL3 (dilution 1:1000; Abeam), anti-MRPS22 
(dilution 1:500; Proteintech) and anti-MRPL49 (dilution 
1:2000; Proteintech), mouse monoclonal anti-SDHA 
(dilution 1:1000, MitoSciences), anti-Cox 1 (dilution 
1:1000, MitoSciences), anti-Cox2 (dilution 1:1000, 
MitoSciences) anti-TOM20 (dilution 1:5000, BD trans- 
duction laboratories) anti-CK-B 21E10 [dilution 1:5000; 

(21) ] anti-MRPL12 antibody (dilution 1:1000; Abeam) 
and chicken anti-MRPL28 antibody (dilution 1:1000, 
Abeam). Primary incubations were followed by incuba- 
tions with secondary horse radish peroxidase-conjugated 
goat anti-mouse, anti-rabbit (dilution: 1:1000; Invitrogen) 
or anti-chicken (dilution: 1:5000; SouthernBiotech) im- 
munoglobulin Gs (IgGs). Immunoreactive bands were 
visualized using the enhanced chemiluminescence kit 
(Thermo Scientific) and detected with the Chemidoc 
XRS+ system (Biorad) and quantified with the provided 
Image Lab software. 

Cellular fractionation and proteinase K protection assay 

Cellular fractionation was carried out as described before 

(22) . Permeabilization of mitochondria with digitonin 
followed by a proteinase K protection assay was per- 
formed like before (23). Susceptibility of proteins to deg- 
radation by proteinase K was assayed with SDS-PAGE 
followed by western blotting and probing the membranes 
with specific antibodies. 

Isolation of mitoplasts and determination of 
protein concentrations 

Cells were washed once with PBS, harvested, pelleted and 
resuspended in 100 ul of ice-cold PBS to which an equal 
volume of 4% [w/v] digitonin in PBS was added. After a 
10-min incubation on ice, 1ml of ice-cold PBS was to 
added to inactivate the digitonin and centrifuged for 
lOmin at lOOOOg at 4°C. Finally, the mitochondrial 
enriched pellet was washed twice with ice-cold PBS to 
remove traces of digitonin. To solubilize mitochondrial 
proteins, the pellet was resuspended in 100 ul AC/BT 
buffer (1.5 M aminocaproic acid, 75 mM bis-tris, pH 7.0) 
to which 10 ul 20% lauryl maltoside [w/v] was added and 
incubated lOmin on ice. After this incubation the samples 
were centrifuged for 30min at lOOOOg. The supernatants 
containing the solubilized proteins were used for further 
analysis. Protein concentrations of the samples were 
determined with the microBCA protein kit (Thermo 
Scientific). 

Affinity purifications and Fourier transform mass 
spectrometry analysis 

HEK293 were induced for 3 days, harvested, resuspended 
in lysis buffer (30 mM Tris-HCl, 150mM NaCl, 2% [v/v] 
lauryl maltoside) and freeze-thawed three times. Next 
lysates were spun-down for lOmin at lOOOOg after 
which they were incubated in the presence of Streptactin 



beads (IBA) for 2h at 4°C under rotation. After the incu- 
bation beads were washed six times with washing buffer 
(30 mM Tris-HCl, 150mM NaCl, 0.1% [v/v] lauryl 
maltoside) and bound proteins eluted in washing buffer 
with desbiotin (IBA). Finally the eluate was concentrated 
by passing it over a 3-kDa cut-off filter (Millipore) before 
being further processed for western blot or Fourier trans- 
form mass spectrometry (FT/MS) analysis as described in 
ref. 24. Affinity purifications and elution of FLAG 
peptides were performed like before (17). 

Isokinetic sucrose gradient analysis of mitochondrial 
ribosomes 

Isolated mitochondria (0.5-0.7 mg) or eluted immunopre- 
cipitates were loaded on a linear sucrose gradient (1ml 
10-30% [v/v]) in 50 mM Tris-HCl pH 7.2, 10 mM 
Mg(OAc) 2 , 40 mM NH 4 C1, 0.1 M KC1, 1 mM phenyl- 
methylsulfonyl fluoride (PMSF), 50ug/ml chlorampheni- 
col and centrifuged for 2h 15min at lOOOOOg at 4°C. 
Fractions (100 ul) were collected and 10-ul aliquots 
taken directly for analysis by western blot with antibodies 
directed against the mitoribosomal large subunit 
(MRPL3, Abeam ab39268), small subunit (MRPS18B, 
PTG labs 16139-1-AP), DAP3 (death-associated protein 
3) or C7orf30 as described. 

Mitochondrial translation analysis 

In vivo mitochondrial protein synthesis in cultured cells 
was analyzed as described previously (25). Briefly, cells 
transfected with siRNAs targeting C7orf30 and a mock 
control were labeled for 60min in L-methionine and 
L-cysteine free DMEM supplemented with 10% dialyzed 
fetal calf serum (FCS), emetine (lOOug/ml) to block 
cytosolic translation and 200uCi/ml [ 5 S]-methionine 
and [ 35 S]-cysteine (Tran 35 S-Label; MP Biomedicals, 
Eindhoven, The Netherlands). After labeling cells were 
chased for lOmin in regular DMEM with 10% FCS, har- 
vested and resuspended in PBS containing 2% [w/v] lauryl 
maltoside. Insoluble material was removed from the lysate 
by centrifugation for lOmin at lOOOOg. Equal amounts of 
protein were separated by SDS-PAGE on a 16% gel after 
which the gel was dried and exposed to a Phosphorimager 
screen. To visualize labeled proteins the screen was 
scanned with a FLA5100 scanner (Fujiimager, Tilburg, 
The Netherlands). To confirm equal loading of proteins 
the gel was rehydrated and stained with Coomassie 
Brilliant Blue G-250. Mitochondrial translation was in- 
hibited by adding chloramphenicol (CAP), final concen- 
tration 40 ug/ml, to the medium for 72 h. 

Identification of a C7orf30 ortholog in 
Blastocystis hominis 

Blastocystis hominis possesses mitoribosomes but lacks 
mitochondrial adenosine triphosphatase (ATPase) previ- 
ously linked to C7orf30 function (26). The Clorj'30 gene 
appears to be absent from B. hominis gene catalog. To find 
the gene in the genomic sequence we used the PFAM 
domain DUF143 (27) and carried out profile-DNA 
search against the B. hominis genome (28). Nucleotide pos- 
itions 801783-801490 of contig 137 (CABX01000137.1) 
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Figure 1. Conservation of the bacterial operon that contains the bacterial ortholog of C7orf30, ybeB. The gene order is conserved in divergent 
branches of bacteria. Solid lines connect neighboring genes in the genomes of the given clade (right), a dotted line is used if both genes are not direct 
neighbors, but include other genes in between. rplXJ, ribosomal protein L21; rpmA, ribosomal protein L27; obgE, GTPase; proB, glutamate 5-kinase; 
proA, gamma-glutamyl phosphate reductase; nadD. nicotinic acid mononucleotide adenylyltransferase; ybeB, C7orf30 homolog; rhnH, 23S rRNA 
methyltransferase. Data from the STRING database (39). 



encode a putative ortholog of the C7orf30 gene 
(E-value = le-10). Furthermore, the search with the 
predicted B. hominis C7orf30 protein against the 
database of eukaryotic protein sequences retrieves an 
annotated DUF143-containing protein in Naegleria 
gruberi (XP_002678819.1, E-value <3e-4), supporting the 
presence of the C7orf30 ortholog in B. hominis genome. 

Maximum likelihood phylogenetic analysis 

An alignment of C7orf30 homologs from two pro- 
teobacterial, two cyanobacterial and eukaryotic species 
was created with Clustal-W (29). To construct the tree, 
the conserved domain (DUF143) was selected and 
columns containing gaps were removed. The Maximum 
Likelihood phylogeny was computed with PhyML 
3.0 (30), using the LG amino acid substitution model 
with a gamma distribution approximated by four 
discrete-rate categories (4G). The proportion of invariant 
sites (I), the gamma shape parameter (alpha) and amino 
acid frequencies were estimated from the data, as imple- 
mented in ProtTest 3.0 (31). 

RESULTS 

Bacterial orthologs of C7orf30 occur in a ribosomal large 
subunit (assembly) operon 

The E. coli ortholog of the human C7orf30 gene, ybeB, 
belongs to a conserved operon that encodes bacterial 
orthologs of ribosomal proteins L21 and L27 (Figure 1). 
The gene order is a remarkably well conserved, not only 
in the a-proteobacteria (the genus that gave rise 
to mitochondria), but also in the bacterial clades 
Actinobacteria, Cyanobacteria (ancestors of the chloro- 
plasts), Firmicutes as well as Deinococci (Figure 1). 
Besides ybeB, four other proteins encoded in the operon 
have specifically been implicated in the large subunit of the 
bacterial ribosome: two that are subunits of the ribosomal 
large subunit (rplU and rpmA), the obgE GTPase that is 
involved in the large subunit assembly (32), and a 23S 
rRNA methyltransferase [rlmH, (33,34)]. Of these, rpmA 
(ribosomal protein L27) is added to the ribosomal large 
subunit late in the ribosome assembly, while the other 



proteins function specifically in the mature form of the 
complex (13,14,32-37). 

A genomic link of C7orf30 orthologs to (di)nucleotide 
metabolism 

Aside from genes for ribosomal (assembly) proteins, the 
conserved operon also contains metabolic genes nadD 
(nicotinic acid mononucleotide adenylyltransferase), proB 
and proA (gamma-glutamyl kinase and NAPDH- 
dependent phosphate reductase respectively, genes that par- 
ticipate in the metabolism of glutamate). The link with nadD 
is specifically strong, as ybeB can even be found fused with 
it, providing the strongest genomic indication of functional 
link between proteins (38). The nadD and ybeB fusion 
has occurred multiple times independently in bacterial 
evolution: in Pedobacter heparinus (Bacteroidetes), 
Solibacter usitatus (Acidobacteria), Clostridium phyto- 
fermentans (Firmicutes) and in the Rhodococcus and 
Coriobacteriaceae lineages (Actinobacteria) [data from 

(39) ]. The nadD gene product catalyzes the adenylation of 
nicotinate mononucleotide (NaMN) to nicotinic acid 
adenine dinucleotide as a part of NAD(P) biosynthesis 

(40) . Further hints for a possible role of the bacterial 
C7orf30 orthologs in (di)nucleotide metabolism come 
from its three-dimensional (3D) structure that has been 
determined for two C7orf30 orthologs (PDB:2idl and 
PDB:2o5a, see Figure 2A). This allowed the classification 
of the proteins as a Beta Polymerase domain 2 [CATH 
3.30.460.10, (41)], showing structural homology with 
DNA and RNA polymerases, transfer RNA (tRNA) pro- 
cessing, messenger RNA (mRNA) polyadenylation 
proteins as well as multiple nucleotidyltransferases. 
Hence, both gene fusion and structural classification of 
the C7orf30 protein fold independently point to its role in 
(di)nucleotide metabolism (Figure 1). 

The bacterial C7orf30 orthologs have evolutionary 
attributes of ribosomal subunits and translation factors 

The bacterial C7orf30 ortholog, together with genes 
encoding 21 ribosomal proteins and translation factors, 
has been found to be 'untransferable 1 between bacterial 
species (42). Additionally, the C7orf30 orthologs are uni- 
versally single copy genes, occurring in bacteria in exactly 
one copy per genome (42), congruent with ribosomal 
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Figure 2. Domain composition of the human C7orf30 protein. (A) Predicted structure of the conserved DUF143 domain modeled after the Bacillus 
halodurans ortholog (pdb:2o5a, Benach et al., submitted for publication). Homology model was created with WHAT IF (54) and visualized with 
PyMOL 1.3 (http://www.pymol.org). Side chains of residues conserved in all orthologs are show in blue. (B) Functional domains of the human 
C7orf30 protein. N-terminal targeting signal was predicted with Target P (44). Bacterial homologs possess only the DUF143 domain. (C) Multiple 
alignment and secondary structure of the conserved DUF143 domain. Non-conserved insertions in S. cerevisiae and B. hominis are replaced with 
dots. Mitochondrial and chloroplast proteins are marked with mt and ch, respectively. The alignment was visualized using Jalview (55) using the 
Clustalx color scheme. Residues conserved in all orthologs are marked above the alignment. Secondary structure ot-helix (red) and P-sheet (yellow) 
regions are marked beneath the alignment together with their position in the homology model of C7orf30. See Figure 2 for the list of species used in 
the alignment. 



subunits and translation factors (see Supplementary 
Data). Next to the C7orD0 orthologs, only ribosomal 
and ribosome-associated proteins have the properties of 
being horizontal gene transfer-resistant and having a 
single-copy genomic presence. These genetic attributes of 
the C7orf30 orthologs and their congruence with riboso- 
mal subunits strongly support a role of the protein in the 
ribosome. 

The phylogenetic distribution of C7orf30 orthologs 

Next to being part of a conserved operon that encodes two 
ribosomal proteins, a functional association between 
C7orf30 orthologs and ribosomes is also suggested by 
the gene's phylogenetic distribution. The gene is present 
in bacteria as well as eukaryotes with mitochondria, but 
absent from species that lack ribosomes of bacterial 
origin. The gene is absent in Archaea and has been lost 
independently multiple times in eukaryotes that do not 
possess a mitochondrial genome. We find that all 
mitochondria-less fully sequenced eukaryotes (from 
Cryptosporidia, Trichomonas, Entamoeba, Giardia and 
Encephalitozoon clades) lack a gene encoding a C7orf30 
ortholog. In contrast, we detected an ortholog of the 
gene in Blastocysts hominis (see Figure 2C and 
'Materials and Methods' section), a species that possesses 



mitochondrial ribosomes but lacks the ATP synthase. 
Thus the previously reported ATP9-specific function of 
the Saccharomyces cerevisiae ortholog of C7orf30 (26) 
may be limited to the fungal clade. 

The eukaryotic proteins from the C7orf30 family can be 
twice as long as the bacterial orthologs. The N- and 
C-terminal extensions, including a mitochondrial targeting 
signal, are however poorly conserved among the eukary- 
otes (see Figure 2B for the domain composition). 
Additionally in eukaryotes, unlike in bacteria, C7orf30 
orthologs can be found in two copies per genome. 
Two copies are present in genomes of species with 
DNA-containing plastids. In Arahidopsis thaliana, the 
iojap protein (encoded by the AT3G 12930 gene) inherited 
from cyanobacteria (Figure 3) localizes to the chloroplast 
(43), and has a chloroplast N-terminal localization signal 
(TargetP score 0.9) (44). The second plant iojap protein 
(encoded by the AT1G67620 gene) contains a predicted 
mitochondrial targeting signal (TargetP score 0.7). The 
mitochondrial localization is consistent with the phylogen- 
etic clustering of the protein with a-proteobacterial 
orthologs (see Figure 3). Two iojap genes can also be 
found in the apicomplexan species Toxoplasma gondii 
that contains both mitochondria and plastids. The 
apicomplexan plastids result from a secondary 
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Figure 3. Maximum likelihood phylogeny (see 'Materials and Methods' section for details) of C7orf30 homologs reveals distinct chloroplast/cyano- 
bacterial and mitochondrial/proteobacterial clusters. Species included: Rickettsia prowazekii, Escherchia coli, Toxoplasma gondii, Blastocysts hominis, 
Leishmania major, Saccharomyces cerevisiae, Ostreococcus lucimarinus, Dictyostelium discoideum, Schizosaccharomyces pombe, Homo sapiens, Zea 
mays, Arabidopsis thaliana, Synechococcus sp. PCC 7002 and Cyanothece sp. PCC 7424. 



endosymbiosis and lack an ATPase, including ATP9 (45), 
providing further support that C7orf30 is not functionally 
linked with ATPase in eukaryotes in general. 

C7orf30 is a mitochondrial localized protein 

Mitochondrial targeting prediction programs [Mitoprot 
(46) and TargetP, (44)] predict a mitochondrial localiza- 
tion of C7orf30. To test these predictions, immunofluor- 
escence studies using HeLa cells were performed showing 
that C7orf30 colocalizes with MRPL12, a protein of the 
large subunit of the mitochondrial ribosome (Figure 4A). 
The mitochondrial localization of C7orf30 was further 
substantiated by western blot analysis of fractionated 
cells, revealing a strong, specific signal for C7orf30 at 
24kDa in the crude mitochondrial fraction as confirmed 
by the presence of the mitochondrial outer membrane 
localized TOM20. No signal was detected in the cytosolic 
fraction (Figure 4B). 

To determine C7orf30's submitochondrial localization, 
proteinase K protection assays were performed using 
mitochondria with digitonin-permeabilized outer mem- 
branes in the absence or presence of membrane dissolving 
Triton X-100. This approach showed resistance of 
C7orf30 to proteinase K similar to matrix-localized 
SDHA, whereas both TOM20 (a mitochondrial outer 
membrane protein) and, to a lesser extent, prohibitin 1 
(an inner membrane protein) are susceptible to digestion 
in the absence of Triton X-100. Only after dissolving the 
outer and inner membrane, do C7orf30 and SDHA 



become degraded by proteinase K (Figure 4C). These 
results point towards a localization of C7orf30 within 
the boundaries of the mitochondrial inner membrane. 

C7orf30 is not detectable in cells devoid of 
mitochondrial DNA 

We tested human cells deprived of mitochondrial DNA 
(mtDNA; RhoO cells) for the presence of the C7orD0. 
In contrast to control cell lines, C7orf30 was not 
detected in RhoO cells (Figure 4D). Next, we investigated 
whether the CAP inhibition of mitochondrial protein 
synthesis affects C7orf30 protein levels. Whereas 
mitochondrially encoded Cox2 levels are severely 
decreased upon treatment with CAP and return to 
normal levels 24 h after CAP removal, C7orf30 and 
SDHA levels remain unaffected (Figure 4E). Taken 
together, these results suggest that the stability of 
C7orf30 does not depend on the presence of 
mitochondria-encoded proteins, but rather on the 
mtDNA itself or on mitochondria-encoded rRNAs or 
tRNAs. 

C7orf30 associates with the mitochondrial ribosome 
large subunit 

The above-mentioned analysis of C7orf30 and its 
orthologs point towards a functional link with the mito- 
chondrial ribosome. To investigate a possible structural 
link with the ribosome 2D Blue Native PAGE analysis 
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Figure 4. C7orf30 is a mitochondrial matrix localized protein absent in cells without mitochondrial DNA. (A) Confocal microscope analysis of HeLa 
cells immunostained with anti-C7orf30 (left panel) and anti-MRPL12 (middle panel) antibodies. The merged image is shown on the right. Nuclei are 
counterstained with Hoechst. (B) Cellular fractionation of HEK293 cells. Total cell lysate (TC), cytosolic (Cyt.) and mitochondrial (Mit.)-enriched 
fractions were analyzed using western blotting with indicated antibodies. As control of mitochondrial and cytoplasmic fractions TOM20 (mitochon- 
drial outer membrane) and anti-CK-B (Creatine kinase B-type) antibodies were used, respectively. The 75-kDa signal visible after C7orf30 antibody 
incubation presumably corresponds to a cross-reacting contaminant. (C) C7orf30 resides within the boundaries of the mitochondrial inner membrane. 
Mitochondria with digitonin permeabilized outer membranes were subjected to the amounts of proteinase K indicated, in the absence or presence of 
membrane dissolving Triton X-100 (TX-100). Susceptibility of proteins to degradation was analyzed with western blotting using indicated antibodies; 
TOM20: mitochondrial outer membrane, prohibitin 1: intermembrane space facing protein, SDHA: matrix. Quantification of the immunoreactive 
bands is indicated at the right. (D) C7orf30 is not detectable in cells devoid of mitochondrial DNA. SDS-PAGE analysis of fibroblast Cy73, 
mitochondrial DNA less (RhoO), HeLa and HEK293 cells. Membranes were probed with the antibodies indicated. Coxl (mitochondrial encoded) 
and SDHA (nuclear encoded) were used as controls. (E) Inhibition of mitochondrial translation does not affect C7orD0 protein levels. Mitochondrial 
translation was inhibited with chloramphenicol (CAP) and allowed to resume again for an increasing amount of time. Protein levels were analyzed 
with SDS-PAGE followed by western blotting. Immunostainings for Cox2 (mitochondrial encoded) and SDHA were used as controls. Asterisk 
indicates remaining Cox2 signal. 



of C7orf30-GFP expressing cells was performed. 
Although a substantial part of C7orf30-GFP is present 
at low-molecular-weight complexes, a small fraction 
resides in a high-molecular-weight complex, co-localizing 
with ribosomal subunits (Figure 5A). Studies using isokin- 
etic sucrose gradient centrifugation show C7orD0 
co-sedimenting with the ribosomal large subunit protein 
MPRL3 in fractions 5 and 6 (Figure 5B). The small 
subunit protein MRPS18B is most abundant in fraction 4, 
where C7orf30 is absent (Figure 5B). To confirm the 



specificity of the co-localization, we immunoprecipitated 
ribosomes with an antibody against ICT1-FLAG, a mito- 
chondrial large ribosomal subunit protein (17) and loaded 
them on a sucrose gradient. This experiment reveals 
co-sedimentation of C7orf30 with the large ribosomal 
subunit associated pool of MRPL3 and not with the 
small ribosomal subunit protein MRPS18B (Figure 5C). 
C7orf30 is also not detectable in more dense fractions of 
the sucrose gradient (Figure 5C). Consistently, in another 
experiment with a sucrose gradient loaded with a small 
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Figure 5. C7orD0 associates with the large subunit of the mitochondrial ribosome and is important for mitochondrial translation. 
(A) Two-dimensional Blue Native PAGE analysis of C7orf30-GFP. Mitochondrial lysate of HEK293 expressing C7orf30-GFP was subjected to 
separation in the first and second dimension under native and denaturing conditions, respectively before western blot analysis with indicated 
antibodies. The vertical lines indicate the position of the large subunit (LSU), complex I (CI) and complex IV (CIV). Asterisk denotes signal 
from previous incubation. (B) Western blot analysis of an isokinetic sucrose gradient centrifugation (see 'Materials and Methods' section) 
immunostained for C7orf30. To indicate the positions of the mitochondrial ribosomal subunits the membranes were additionally stained for 
MRPL3 and MRPS18B, representing the large subunit and small subunit respectively (lower panel). Although the two subunits have a similar 
mass, MRPL3 migrates slightly more slowly on SDS-PAGE and can be seen in fractions 5, 6. (C) C7orf30 co-sediments with the large subunit bound 
pool of ICT1. HEK293 expressing ICT1-FLAG (large subunit protein) were subjected to immunoprecipitation with FLAG-antibody followed by 
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4048 Nucleic Acids Research, 2012, Vol. 40, No. 9 



subimit MRPS27-FLAG immunoprecipitate both 
MRPL3 and C7orf30 are not detected (Supplementary 
Figure SI1). Taken together, these data strongly support 
that C7orf30 associates with the large and not the small 
mitoribosomal subunit. 

FT/MS analysis of TAP-tagged C7orf30 protein puri- 
fications identifies components of the large ribosome 
MRPL12 and MRPL49 as co-purifying proteins 
(Supplementary Table SI2). To verify these interactions, 
C7orf30- and MRPL12-TAP purifications were analyzed 
with western blots, confirming the association (Figure 5D 
and E). Immunostaining reveals co-purification of all 
tested ribosomal large subunit protein components 
(MRPL12, 28, 49). MRPS22, the protein component of 
the ribosomal small subunit, could not be detected in the 
eluate, corroborating the specific association between 
C7orf30 and the large subunit. To exclude an a-specific 
protein binding to the beads the blot was additionally 
probed for NDUFS3 (complex I subunit) and SDHA 
(complex II subunit). Both proteins were not detected 
in the eluate, confirming the specificity of the purification. 
Efficiency of the C7orf30-TAP purification was deter- 
mined by immunostaining for C7orf30, at the same time 
allowing us to look for co-isolation of endogenous 
C7orf30. As no C7orf30 was detected in the eluate we 
conclude that no dimerization or multimerization takes 
place (Figure 5D). Additionally, the interaction between 
C7orf30 and the ribosomal large subunit has been 
confirmed by TAP purification of MRPL12-TAP that 
retrieves C7orf30 and MRPL49 but not the small riboso- 
mal subunit MRPS22 or other proteins tested (Figure 5E). 
Combined, these data argue for C7orf30 as a bona 
fide mitochondrial ribosomal large subunit binding 
protein. 

Knock-down of C7orf30 affects mitochondrial translation 

To investigate a possible role for C7orf30 in mitochondrial 
translation, metabolic labeling studies were performed 
using C7orf30 depleted HEK293 cells. After the C7orf30 
siRNA knock-down, a decrease of mitochondrial transla- 
tion products was observed compared to the control, 
most noticeable for Coxl (Figure 5F, Supplementary 
Table SI1). These results suggest that C7orf30 is necessary 
for proper mitochondrial gene expression. 

C7orf30 sequencing in patients 

The coding sequence of C7orf30 gene has been sequenced 
in a cohort of 35 patients with combined complex 
I+III+IV deficiencies (i.e. with a biochemical signature 
of impaired mitochondrial translation). No pathogenic 
mutations in the gene have been found among the 
patients (data not shown). 

DISCUSSION 

In this study we identify C7orf30 as a novel the mitochon- 
drial ribosome binding protein. Our results point towards 
a role in the ribosome large subunit, a function that is 
supported by the data from ref. 47. The conserved 
operon organization of the bacterial C7orf30 ortholog, 



the gene's resistance to horizontal transfer between 
species as well as its universally single copy presence in 
bacterial genomes point to the gene's role in the ribosomal 
large subunit across the bacteria. Experimental results 
in E. coli (14) corroborate this observation. Genomic 
evidence from eukaryotes that encompasses (i) the 
correlated presence with the number of ribosomes of bac- 
terial origin (no orthologs in genomes of amitochondriate 
eukaryotes to two copies in species with mitochondria and 
plastids) and (ii) the phylogenetic origin of C7orf30 
orthologs that is consistent with the ribosome's origin 
(Figure 3) argue for a similar function of the protein in 
organellar ribosomes of eukaryotes, strengthened by the 
lack of functional ribosomes in maize chloroplasts with an 
affected iojap locus (12). Our results from the isokinetic 
sucrose gradient and C7orf30 affinity purifications are 
both in agreement with the association of the protein 
with the ribosomal large subunit. 

The C7orf30 ortholog in S. cerevisiae, named Atp25, 
has been shown to play a role in ATPase translation and 
assembly (26). The yeast protein contains a C-terminal 
domain, absent outside the fungal evolutionary lineage, 
which is cleaved to function in stabilization of the ATP9 
mRNA. The DUF143 (C7orf30)-domain containing 
N-terminal part has been observed to be involved in the 
oligomerization of Atp9p, thereby playing an important 
role in the assembly of the FjFq ATPase (26). We identify 
a C7orf30 ortholog in the genome of a eukaryotic species 
that lacks a mitochondrial FiF 0 ATPase (B. hominis) and, 
in contrast, find a perfect correlation between the number 
of C7orf30 orthologs encoded in the nuclear genome and 
the number of cell's organellar genomes (0, 1 or 2). We 
conclude that the ATPase-related role of the protein may 
be limited to fungal species. 

While no ybeB gene deletion phenotype has been 
observed in bacteria (14), C7orf30 knockdown impairs 
mitochondrial translation in human cells. This result 
argues for the proteins' involvement in maintaining ribo- 
somal function. Its specific role in the ribosomal large 
subunit in bacteria has remained unknown. Attempts to 
produce recombinant ybeB in bacteria often fail, possibly 
due to intolerance of the host to increased dosage of the 
transferred gene in addition to the endogenous protein 
(42). Similarly, we observed that the induction of tagged 
C7orf30 does not lead to high levels of the fusion protein 
(Figure 5D), and at the same time negatively affects 
endogenous C7orf30 protein levels (Figure 5D). Both 
observations suggest that the cells keep C7orf30 protein 
levels under tight control, but it is not known how this 
regulation is executed. 

Genomic presence-absence patterns of the C7orf30 
orthologs in eukaryotes point to the evolutionary associ- 
ation between the protein and organellar ribosomes. The 
genomic association is recapitulated at the cellular level, as 
the western blot analysis of RhoO cells reveals the absence 
of C7orf30 protein in this ribosome-lacking cell type 
(Figure 4D), further strengthening the functional link 
between C7orf30 protein and ribosomes. While the 
specific role of the association remains unclear, other 
genes that constitute the bacterial operon with C7orf30 
ortholog ybeB suggest concerted involvement in the late 
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Table 1. The functional association of the proteins in the operon with the bacterial ribosome 
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large subunit biogenesis, possibly at the moment of trans- 
lation initiation. The involvement of the gene product in 
translation initiation would be congruent with the gene's 
bacterial universally single copy presence [specific to 
summits and translation factors (42)] and the exclusive 
association with the complete large subunit of the 
ribosome. A similar mode of association, but with a ribo- 
somal small subunit, has been observed for translation 
initiation factor IF-3 (14). 

The composition of the bacterial operon suggests other 
human orthologs that may also play a role in large 
ribosome function. For example, the human GTPBP5 
protein, the ortholog of bacterial obgE (Table 1), is 
involved in maturation of mitoribosomes (48). The other 
two obgE orthologs (OLA1/GTPBP9 and GTPBP10) are 
not very well studied in mammals, but constitute 
promising candidates for the function in the mitochon- 
drial large ribosome. 

Our experimental data do not provide an explanation 
for the 3D structure of bacterial C7orf30 orthologs, which 
is typical of nucleotidyltransferases, nor do they explain 
the occurrence of nadD [nicotinamide mononucleotide 
(NMN)-adenylyltransferase] in the same operon or even 
in a single gene. One explanation for the link of nadD with 
the ribosomal large subunit is its role in the (re)generation 
of NAD that is used for protein deacetylation by sirtuins, 
like the bacterial cobB (49). In E. coli, acetylation of the 
large ribosomal protein L12 subunit has specifically been 
shown to increase its interaction with the ribosomal 
stalk complex (50). In mitochondria, NAD-dependent 
deacetylation of the ribosomal large subunit MPL10 
by SIRT3 has been implicated in regulating ribosomal 
activity (51). Nevertheless, we currently have no evi- 
dence that C7orf30 plays a role in this process, either 
directly via its interaction with the large ribosomal 
subunit or indirectly as a nucleotidyltransferase in NAD 
metabolism. 
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